During the concept phase of a weapon system it is often necessary to decide between a number of different development or purchasing options. This typically involves using a multidimensional value system that incorporates aspects such as performance, cost, risk, logistics and time-scales. This paper describes a model which assists in the choice in the performance dimension by including application battlefield scenarios in the analysis, and calculating the relative worth of competing systems based on the expected utility of the component weapon system attributes.
The structure of the body of the paper is as follows:
Section 1 serves as introduction by describing the problem, the value system, and the user-specified functional criteria forming the design drivers in the process.
Section 2 describes the implementation problems experienced using the classical and AHP approaches. During the concept phase in the life cycle of a new weapon system a number of concepts that could fulfil the intended mission of the WS are generated by the system team. There may be attributes such as range, sighting system, accuracy, etc. that vary widely between the different weapon system options. There are usually so many of these factors, and so many interdependencies between them, that it tends to be difficult to choose between these options. !n addition, the decisions typically have to be made relative to more than one dimension, such as 
Value system
Looking at the joint dimensions of Performance, Cost, and Risk, the basic idea behind the model is to calculate a normalized score for each concept with respect to each dimension, as indicated in Table 1 . The choice reduction process then involves determining a cut-off point with respect to each dimension, resulting in each concept being allocated to one of eight hyperquadrants, as indicated in figu;e 2. Those concepts falling in the hashed hyperquadrant are carried over to the next round of more detailed modelling.
In this paper we describe the development of the model in the performance dimension, with the corresponding development in the other two dimensions currently in progress. The performance submodel uses battlefield scenarios to calculate the relative worth of competing systems based on the expected utility of the component weapon system attributes. The methodology will be explained using an A TM for the infantry as an example.
PERFORMANCE
Performance Cut-<>ff More than one missile per man, maximum two men/system; Portable (40 kg between two men);
Ability to track a 30 km/h crossing speed target;
Arming further than 50 m away;
Maximum range at least 2 km;
Flight time to maximum range at most 1 3 s;
Terminal effect must stop a T72 tank;
Night-fighting capability;
Ease of use; Hit probability of 95% against a standard NATO target over the whole range;
Air-drop capability; and Flexibility of firing height.
These criteria could be overlapping, some may be superfluous, irrelevant, and even contradictory. They are also not of equal importance as design drivers for theWS.
The choice reduction process attempts to quantify these aspects and to incorporate them into the model.
2.

MODEL DEVELOPMENT
The classical formulation
Initially it was decided to use the standard pair-wise comparison technique to rank the design criteria with respect to one another, resulting in a normalized set of weights for the criteria. Having established these weights, each concept would be scored in terms of how well it performed with respect to each of the criteria, and the weighted surn of those scores would yield an overall performance score for the concopt.
A pair wise comparison table for the A TM example design criteria is given in Table   2 . The selected user group is presented with a list of definitions for the criteria.
They are then asked to complete the table where, for example, a code A2 in the A vs X comparison means that criterion A is strongly more important than criterion X, whereas X2 indicates the converse, with 0 indicating indifference. A set of weights is then assigned to the 5 possible codes, and the weighted total for each criterion is calculated, and normalized over the criteria.
The choice of weights assigned to the codes presents a problem, as there are different ways in which they can justifiably be chosen, which can clearly lead to different rankings between the criteria. In the literature this choice has also been done in different ways. Aspects that should be considered are:
How are questionnaires to be combined over respondents?
If the individual scores are combined arithmetically, should the X2 and X1
weights not be taken as 0 to eliminate double counting?
Is the underlying preference scale an arithmetic or geometric one? In the latter case the X code weight should be the inverse of the corresponding A weight. In the former, the no-preference weight should be set to 0 so as not to be included in the total. 
Flexibility of firing height 2.14 N Table 2: Pair-wise comparison table Having calculated the individual questionnaire weights and combined them over the respondents, it now remained to score each of the concepts in terms of the extent to which it achieves each of the criteria. This would be on a scale of 0 to 1, with 0 signifying no achievement, and 1 total achievement. To derive these achievement scores would likely require a fair amount of low-level analysis and simulation that would be highly dependent on the specific WS under consideration.
Having obtained these, the final concept score can again be calculated as a weighted average of the achievement scores, using the criteria weights. We completed a trial analysis using the classical approach, but were not comfortable with the results, specifically as far as the non-uniqueness of the choice of code weights is concerned.
The AHP formulation
We decided to use the Analytical Hierarchy Process as developed by Saaty (Ref [ 1] and [5] ) to establish the criteria weights. The AHP has been designed for decision problems that can be structured as a hierarchy. The basic idea is that a number of alternatives or actions exist which contribute to the attainment of some overall goal through a hierarchy of criteria, which may have many levels.
To demonstrate the application of the model using the AHP weight, the pair-wise comparison matrix for the ATM design criteria was constructed by two user groups. These were members of the infantry versus a group of paratroopers. To cast our problem in the AHP mould, we took our user groups to be on the first level below the goal (i.e. they correspond to the AHP criteria), whilst our criteria correspond to the alternatives on the lowest level of the AHP hierarchy.
The resultant set of weights given in Table 3 are thus local priorities in the AHP formulation. To obtain the global priorities, the user groups have to be compared with respect to one another. Apart from the (mostly political, but very real)
problems encountered in attempting to do this, other patterns and problems to be noted in the table are:
Terminal Effect and Accuracy at maximum range rank as most important for both user groups.
Air-drop capability ranks third for the Paratroopers, but tenth for the Infantry.
There is a relatively small spread (2% to 16%) between the weights, without a marked Pareto effect. None of the criteria stand out as being either markedly inferior or superior to the others.
The inconsistency level of the Infantry user group is uncomfortably high.
The weight depend on the user group. From user feedback it was also clear that the comparative scores were highly influenced by assumed application scenarios for the WS.
During the analysis the difference in importance attached to design criteria by different user groups stood out clearly. lt also became apparent that the envisaged application environment of the weapon system would have to be quantified more explicitly to obtain the necessary resolution in the value system to be able to prioritize the different criteria. An example is that accuracy at minimum range would be more important than accuracy at maximum range if the engagement took place in bush at close contact, whilst the converse would be true if the engagement took place in an open area. We came to the conclusion that the Classicai/AHP approach failed to provide a satisfactory choice reduction mechanism in the performance dimension of the model in Table 1 .
The next section describes a way in which the application scenario can be incorporated in the analysis.
3.
THE CROSS-IMPACT MATRIX
Conceptual model
it is apparent that the interactions between the proposed or possible WS attributes and the possible application scenarios of theWS need to be quantified explicitly.
This can be done by way of a cross-impact matrix with the WS attributes across the top, and the scenario attributes down the side, as shown schematically in Table   4 . Before discussing the structure of the matrix, some comments on the use of scenario analysis to quantify design options are in order. The basic principle is simple: Given the wisdom of foresight, one would be able to design a weapon system that would cope exactly with all the situations in which it would be applied, without any unnecessary or underutilized capabilities: In the absence of perfect knowledge, the best that can be done is to rely on the judgement of experts in various applicable fields, and to define various scenarios in which the WS could be employed. Depending on the scenario, some features of the WS will be utilized more than others. The expected use of the features can then be traded off in a cost-benefit analysis, to assist in the decision as to which features should be illustrates the use of scenarios in performing a comparative weapon system analysis between tanks and ATMs. The (futuristic) scenario described there is similar to what we need for our analysis. Given the scenario, they use (proven) simulation models to estimate the kill rates between the various weapon systems, and use these to translate the fire-power of the different weapon systems to a comparable MOE. In our case, the comparison will be done on a weighted combination of the expected utilization of the different WS features.
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Scenario attributes and distributions
For each WSA, specific information about the application scenario will be needed in order to quantify the extent to which the options within that attribute will be utilized during the application. For example, one would have to know what portion of the engagement takes place in total darkness to determine the extent to which the night-sight capability is utilized. The corresponding scenario attribute (SCA) that will thus have to be known is that of Visibility. As with the WSA, the scale on which the SCA is measured must be clearly established -it can also be discrete or continuous. lt would be prudent to choose the SCA scale to map directly onto the corresponding WSA scale in the case of a one-to-one situation, if possible.
This simplifies matters somewhat as it makes for one less translation step. For the 'Sight' WSA, the SCA attribute 'Visibility' may be measured on the scale 'Day, Dusk, Night', for example.
The SCA distributions must be quantified in some way so as to be able to calculate the expected usage of the WSAs. This would be done using a distribution which is both realistic, and easy to manipulate from an analytical/simulation point of view.
The Gaussian distribution, in spite of a very strong theoretical foundation, has the disadvantage in practice that is perfectly symmetrical, and allows impossibly low or high values. An SCA like target range, for instance, is definitely skew, with specific upper and lower limits. A transformation such as the two-or threeparameter Log-Normal can be used, but this has other drawbacks. A distribution that is a fair compromise between the conflicting requirements mentioned above is the Triangular distribution, which is completely determined by specifying its minimum value, the mode (most likely value). and the maximum value. For our application, it is important that the parameters for the distributions van easily be obtained by a structured interview session with a group of users/experts.
Appendix A presents the formulas to calculate the parameters of a triangular distribution, given estimates of, say, the 5'h and 95'h percentiles, and the mode or the mean.
To summarize in statistical terms, an SCA is measured in terms of the variable X, and the distribution of X is characterized by a probability density function fxfx).
Interaction between WSAs and SCAs lt may be that more than one SCA influences the usage of one WSA. An example of this would be that both the target range and target speed determine the sightline rotation rate to which the missile is subjected. Conversely, it can also happen that one SCA influences more than one WSA, for example the target speed influences both the sight-line rotation rate as well as the missile accuracy. The ideal would be to have a 'pure' dependence between WSAs and SCAs, in the sense that the WSAs do not influence one another. This is unfortunately not always the case. Missile accuracy, for example, is determined not only by target speed, size, and crossing distance, but also by the missile speed itself. The missile mass is another WSA that interacts with many other WSAs. For the one-on-one situation, these dependencies can be quantified directly via the utility functions described in the next paragraph. mm, then the feature would be utilized at a level of 1. In the extreme, for a target with an RHA value greater than 800 mm, and which the warhead fails to put out of action, one could argue that the utilization drops to zero again.
In practice, one could thus have a utility function that starts from zero, and increases from a certain point where the WS feature becomes useful, up to a maximum value of 1 where the WS is utilized at its maximum, after which it decreases to zero again. Both the increase and/or the decrease could be steps.
As an alternative, one could have a utility function that starts at 1, and after a certain point drops to zero. A maximum range capability of, say, 1500 m is a possible example of this -for all targets up to a range of 1 500 m one could argue that the capability is fully utilized, whereas for targets beyond this range the capability becomes irrelevant. Other shapes of utility functions are also possible.
The two mentioned above are sketched in Figures 3 and 4 respectively. 
Modelling CIM interactions
The above discussion has been for the one-on-one situation with one SCA affecting one WSA. If more than one SCA affects the same WSA, for example, in addition to SCA (measured by) X, the WSA is also influenced by another SCA measured by lt is sometimes possible to transform the many-to-one problem to the framework of the one-to-one problem. This can be done by combining the applicable SCA distributions into one distribution, with the resultant variable having a one-to-one impact on the WSA in question, and for which a one-dimensional utility function can be specified as before. An example of this is the sight-line rotation rate, which is in itself a distribution that is completely determined by the target range and speed distributions.
For the one-to-many, or many-to-many case, where there is dependence between the various WSAs (for example missile accuracy), the situation becomes even more complex, as it is now not possible to evaluate the different WSAs in isolation. In such a case all the SCAs and WSAs that have an impact on the WSA in question must be taken into account simultaneously, and the distribution of the WSA in question must be calculated/simulated. This will, of course, depend on both the distributions characterizing the SCAs, as well as the assumed levels of the applicable WSAs. lt is also more difficult to conceptualize a general utility function in this case, as the use of the feature is now also dependent on other WSAs.
However, for a specific class of utility function such as discussed in the next paragraph, an interpretation similar to the one-to-one case can still be made.
Specification of utility functions
The expected use of a feature is directly influenced by the choice of utility function.
As shown in Appendix A, the expression for the expected value in closed form becomes cumbersome for a pure ramp utility function, and would become considerably more so for a function such as in Figure 3 . lt was thus decided firstly to concentrate on the choice of a pure step utility function as in Figure 4 , with the expected values as given in Appendix (A.9).
Another important motivation for this choice of utility function is that is allows for a second, more user-friendly interpretation of the expected utility of a WSA feature:
Given a downward step utility function, the expected use of the WSA attribute is the value of the (cumulative) distribution function of the SCA in the step point. This choice of utility function also allows more flexibility in the way that the questions can be phrased when gathering the SCA information, as discussed in the next section.
4.
APPLICATION OF CIM MODEL
Generation of scenarios and SCA distributions
For the purpose of the ATM example, a scenario can be defined as a confrontation/situation where a number of missiles (and possibly other weapons) are used. The WSAs in question will dictate a number of SCAs for which information is needed to evaluate the use of the WSAs. The scale on which each SCA is measured must be clearly established, including the categories/cut-offs in the case of a discrete/continuous scale.
Given a scenario and the list of SCAs, the distributions must be quantified for each.
For some (such as foliage density) it will be possible to obtain this by objective measurement. For others (such as target range) one will have to rely on the subjective collective opinion of a group of experts in the field, by using a structured information-gathering approach such as the Delphi technique.
lt is important that the participants in the group should have both experience and authority, as well as the ability to think widely and futuristically. lt is also important that the group be officially recognized as representative of the envisaged WS users.
Scenarios in which the proposed WS may be utilized must be generated. These will be futuristic, and can be grouped into the short, medium, and long term. These scenarios can more accurately be called 'battlefield scenarios', and should be at a level of detail which allows the characterisation of the required SCA distributions from the scenario description (see for example p42-5 in reference [3] . lt should thus, for example, specify terrain down to the level where line-of-sight distances can be quantified, and weather conditions in such a way that temperatures and dust levels can be quantified. A possible format for a scenario could be a general section describing the setting in which the engagement takes place, followed by a more detailed section describing the blue and red forces involved more specifically.
The procedure for generating the scenarios can also vary. One possible approach is to invite experts on factors that would influence the application of the WS on a macro level, to give presentations to the group. These would be on present and projected future political, technological, economic and demographic trends, as well as on current and projected future strategies of own and enemy forces. Given this background, the group can formulate a set of likely battlefield scenarios, after which the distributions characterizing the SCAs can be quantified for each scenario. Night?' and then using the utility function as above to calculate the expected use of the 11, one could also phrase the question as 'Given that the WS has the 11
feature, in what % of the scenario will it be utilized?', and then directly obtaining the expected use of (a +b)%. The two approaches provide the same final answers.
The model requires that all discrete SCA distributions be characterized by specifying the percentage per category. For the 'subjective' SCAs, these would be the consensus values obtained from the group. The continuous SCA distributions are modelled with a triangular distribution, for which three parameters must be specified:
The mode is a user-friendly value, and is probably the value that people will tend to experience rather than the mean, especially in the case of highly skewed distributions.
Either the absolute minimum and maximum values, or (say) the lower and upper 5th percentiles. Both have drawbacks. On the one hand, when supplying a minimum or maximum the respondent tends to over-estimate so as to make absolutely sure to cover the whole range. On the other hand, people's subjective interpretation and experience of a 5% value is different, and often differs little from the 10% value, for example.
Incorporating different development options
Given that the expected and normalized use of the WS features have been calculated as in Table 4 , these can be used to score the different development options. As indicated in Table 4 , each option receives a score of between 0 and 1, depending on the extent to which it has the various features, and a weighted sum of these scores is then calculated to yield a final performance score for each option. Note that this allows one to define the 'ideal' weapon system as one having all the features, whereupon the scores of the other options can be expressed as a percentage of this 'maximum attainable' score.
The choice of these WSA weights is once again problematic. One possible approach would be to try to correlate these with the ranking of the WS attributes identified using the AHP approach. Handel (Reference [4] ) states that:
Material quality stands for the quality and performance of weapons which can be measured by their speed, range, fire-power, reliability, and durability. Many of these specifications can be measured, but the trade-offs between them cannot: the amount of emphasis to assign to reliability instead of to stat-of-the-art performance, the suitability of a certain weapon system to the quality of manpower available, and its performance in comparison with the enemy's weapons-all are very difficult to estimate, despite claims to the contrary'.
The important aspect, however, is that there are weights present. If they are not explicit, the decision-maker will use some invisible, subjective form of weighting between the WSAs to make a choice between the development options. The model serves to force these weights to become visible. A sensitivity analysis with respect to the choice of these weights should also be done. In Table 5 an example of the process applied to the A TM example is given, using a spread sheet developed by Mr BL Logan.
Incorporating different scenarios
Finally, the above-mentioned process should be repeated for each scenario. In the final analysis, these scenarios can be weighted with respect to one another to determine a global performance figure for each of the development options. This bypasses the problem experienced in the AHP formulation of doing a direct comparison between the Infantry and the Paratroopers in order to determine the global weights, because it will be far easier for the user to assign weights to an 'impersonal' scenario on the basis of the scenario description. In fact, he can draw up a new scenario should he feel that his envisaged use of the WS is not adequately covered by the existing set of scenarios. In this way a database of application scenarios for theWS could be built up, which would also be useful for other planning purposes.
In this way then, the model supplies the values for the performance axis of the global choice reduction model discussed in Section 1.
5.
CONCLUSIONS
We conclude the paper with a summary of the procedure for applying the CIM model, followed by a few general remarks on the current state of the model.
Procedure for constructing the CIM
The application of the model is done in a fairly sequential manner, and it is important that each step is properly executed before moving on to the next one. The model is not yet complete in terms of the quantification of some of the CIM interactions, which still need some further refinement.
The cost and technical risk axes must be incorporated.
lt provides a common basis for discussion between the user and the supplier, in quantifying the interaction between weapon system attributes and the intended operational environment.
The process quantifies the user's operational requirement, and the 'shape' of the weapon needed to satisfy these requirements.
lt is convenient to rate the different options relative to an 'ideal' system.
Applying the model has clearly indicated where our input data is not complete.
In conclusion, we feel that the model has provided a useful map between the weapon system and the intended application scenario. This map can serve as a common, quantified basis for discussion between the parties involved, and can also clarify marketing strategies.
APPENDIX A CALCULATION OF THE EXPECTED USE OF A WSA AND RELATED QUANTITIES
Assume that the variable X has a triangular distribution, i.e.
=0
Xo :$; X < X 1 As can been seen, these expressions are somewhat tedious to evaluate, and the answer would depend on a 1 0-way switch (according to the different permutations of the parameters) that will all have to be incorporated in the spreadsheet.
We first consider the pure upward or downward step function with g 0 = g 1 = gb, that is g(X) = (1 -gJ/2 g(X) = (1 + g)/2
with gs = ± 1. Alteratively, we assume that x 1 is known. This is in line with the decision that from a practical point of view the scenario attribute distributions will be characterised by their lower and upper 5% percentiles and the most likely value (the mode).
Assuming that x 1 = mode is known simplifies matters considerably. From (A. Having obtained x 0 and x 2 , and given m = x ~' the remaining parameters a and b can readily be calculated from (A.9).
Finally, for simulation purposes we need the inverse triangular distribution in closed form. The distribution is:
The inverse distribution is:
(A.16)
F(x 1 ) ::::;; u ::::;; 1 (A.17)
